Abstract: Promising small-scale wood pellet heating systems with sizable market potentials have started to penetrate the residential heating market in Europe and elsewhere. Despite significant technological progress, cost reduction, improved convenience and reliability, and reduced environmental impact, diffusion of such systems will nonetheless take time. Framework and market conditions, and especially drivers and barriers and the overall merits of such systems in comparison to alternative solutions, need to be properly understood by policy-makers and entrepreneurs for the successful promotion of this technology. In this article we cover three important aspects related to small-scale pellet heating systems. First, we summarise recent technological, socio-economic, and institutional trends. Second, we report on results from a comparative analysis of the direct and indirect external costs and benefits of this technology. Third, we discuss the usefulness of various diffusion modelling approaches used in economics in the light of the technology scrutinised and existing data constraints.
Introduction
The finite supply of nonrenewable energy resources (such as oil, natural gas, coal, uranium), coupled with the environmental, economic, social, and geopolitical consequences of using these resources, has urged society to look for alternative energy sources that are renewable and environmentally more benign. The European Union (EU), for instance, has been active in promoting technologies that use energy from renewable resources and in placing energy supply security more firmly on the agenda again, particularly during the past decade. The EU's White Paper on Renewable Energy Sources (RES) (European Commission, 1997) proposes the doubling of the contribution from renewable to the gross energy consumption within the EU from 6% in 1997 to 12% in 2010. Biomass, with a current share of about 3% of total energy consumption, makes the largest contribution. With the implementation of effective measures, and provided the White Paper goal of doubling the contribution of RES is reached, a trebling from 521 Terawatt hours (TWh) in 1997 to 1,570 TWh in 2010 could be achieved. In its 'Campaign for Action' to the White Paper, the European Commission has set a target of one million biomass-heated dwellings in the EU-15 (Austria, Belgium, Denmark, Germany, Greece, Finland, France, Ireland, Italy, Luxembourg, Portugal, Spain, Sweden, the Netherlands, and UK) during the period 1999-2003 in order to reach the overall goal, which sent a strong positive signal to the bioenergy market (European Commission, 1998a) .
The use of renewable energy has started rising in recent years, with a biomass contribution of 566 TWh in 2000 (EurObserv'ER barometer, 2002) . The increased use of small-scale bioenergy systems (SSBS), and especially small-scale wood pellet heating systems (wood pellets are a cylindrical compressed wood fuel product, usually made from dried wood residues, with or without the use of some biological binding material), is one of the options in this endeavour (European Commission, 1998a) . More than 85% of all dwellings in the EU-15 are currently being heated by single-house systems (European Commission, 1998a) . SSBS could make a substantial contribution to the heat supply, not least due to significant technical progress, cost reductions, and increasing consumer awareness related to modern SSBS that have occurred in recent years.
Advantages of small-scale pellet heating systems are that: • they have been subject to lower fuel price fluctuations than for example oil-based systems • they exhibit significantly lower greenhouse gas emissions than fossil fuel systems 2
• pellets, much like heating oil, are more easy to transport and store, and more convenient to use than logs.
In addition, wood pellets constitute an increasingly standardised and, therefore, internationally tradable commodity that supports the establishment of new and well-functioning markets. It also facilitates automation and combustion optimisation by innovative control systems.
Despite its appealing features in comparison with a number of alternative options, the diffusion of SSBS is still largely in its infancy. Further studies on the various drivers and barriers influencing the diffusion process are needed to identify and design policy and business tools and strategies suitable to optimally promote the widespread adoption of such technologies. Further, comparative studies are also needed on the external costs and benefits of such systems in relation to competing systems, in order to provide better guidance for energy policymakers, entrepreneurs and potential adopters of SSBS alike. Improved information of these actors will, in turn, affect the technology/supply push and market/demand pull mechanisms and thus have certain repercussions on optimal technology management (Phaal et al., 2004) . This paper focuses on three major aspects of SSBS. It first summarises recent technological, socioeconomic, and institutional trends and reflects on research results from other studies regarding perceived image, level of convenience, reliability, and ways of using modern SSBS in Europe. Second, it presents a comparative analysis of the direct and indirect external costs and benefits of such technologies, as with increasing knowledge in this field of research external cost considerations can be expected to play an increasing role, for example, in energy policy making. Third, the usefulness of various technology diffusion modelling approaches is discussed in the light of severely restricted availability of data, as is still the case for the wood pellet heating market. Such technology diffusion models can be useful for a better understanding of the expected market potential and diffusion dynamics, and the effectiveness of the various drivers and barriers that influence the decision to adopt such technologies.
2 Technological, socioeconomic and institutional aspects influencing pellet heating system adoption and diffusion
Technological progress and standardisation
Over the past few decades, significant advances have been made in wood combustion technology, leading to higher conversion efficiencies and lower levels of pollutant emission. Among the different small-scale wood combustion systems, pellet heating systems are particularly promising. The full automation of pellet heating systems and the use of a densified energy carrier that is easy to handle (in terms of delivery, feeding, etc.) have notably improved both the level of convenience enjoyed by houseowners and the combustion process. The latter reduced pollutant emissions to levels similar to those of conventional light-oil-fired systems, but offers the advantage of low greenhouse gas emission. Hence, the widespread perception that wood-based heating systems are labour-and care-intensive, old-fashioned, and polluting is outdated in view of the modern pellet heating systems available today (Madlener and Gustavsson, 2002) . Combined heat and power production (CHP, co-generation) is an energy-efficient way of providing heat and electricity (Madlener and Schmid, 2003) that is also open for wood pellet use. It appears that pellet-fired micro-CHP will be commercially available soon, as a pioneering US-based company recently announced plans to launch such a system for single-family dwellings in North America, Europe, and Japan (Tilt, 2001) . The innovative products under development are named '1Twin, ' '2Twin, ' and '4Twin, ' where the figures refer to the number of pairs of Stirling engines in each device. The heat and electricity output from 2Twin and 4Twin will be two and four times respectively that of 1Twin. 1Twin, which is the first product to be launched, will have a maximum production capacity of 28 kW of heat and 3 kW of electricity, with an overall efficiency of 80-90% and an electric efficiency of about 15%. The burner is controlled automatically to maintain the desired electricity-to-heat ratio. The optimal ratio of electricity-to-heat is quite low as the electricity conversion efficiency is low. The system is expected to be virtually maintenance free, apart from ash that needs to be removed about once a week when fully utilised.
The quality of wood pellets has been improved and harmonised in recent years in an effort to improve their image, market competitiveness, and durability in handling, as well as the reliability and convenience of SSBS. For example, the ash content of wood pellets in Sweden has been reduced from typically 10% in the 1980s to about 0.5% in 2002 (Dahlström, 2002) . Standards for wood pellets have been introduced to increase their competitiveness with nonrenewable fuels used for heating purposes, especially oil and natural gas, and to provide high-quality products ensuring consumer satisfaction and efficient handling, transportation, and storage. Examples of countries with such standards are Austria, Germany, and Sweden. Finland follows the Swedish pellet standard and work is currently in progress to develop a uniform pellet standard for Europe (Lehtinen, 2003; CEN, 2004) .
However, full compliance with the standards has not yet been achieved. In a recent study of pellet samples collected from Austria, Italy, Sweden, Spain, Norway, and the Czech Republic, it was found that the bulk density of the wood pellets examined ranged from 520-640 kg/m 3 , in most cases below the bulk density of 600 kg/m 3 stipulated in the Swedish standard SS 18 71 20 (Obernberger and Gerold, 2002) . For obvious reasons, a low bulk density increases specific transportation costs and requires larger storage capacities. Still, in Norway a promising technique has recently been developed which increases the bulk density to 850 kg/m 3 and makes pellets less sensitive to moisture, harder, and more durable with fewer fines (Tilt, 2001) . High abrasion levels due to a high content of fines in pellets increase the probability of failure in the feeding systems used in the residential sector (Obernberger and Gerold, 2002) . Addition of small amounts of biological binding agents, such as maize and rye starch, has proved to be a successful strategy for pellet quality improvement in Austria.
Market aspects, socioeconomic considerations, and technological lock-in
Market shares, competition and learning. Both the price and the market share of competing fuels and technologies are important for the diffusion of pellet heating systems. To bring and keep down market prices for wood fuels and SSBS, a fair level of competition can be helpful. However, with increased internalisation of external costs and a growing pressure on fossil fuel reserves, fossil fuel prices can be expected to rise in the medium to long term. Higher market shares help new suppliers to compete against incumbents benefiting from a large sunk costs basis, well-established marketing structures and distribution channels, etc. Also, network externalities (Liebowitz and Margolis, 1994) and learning effects impact the benefits from technology adoption and thus can be expected to have an influence on potential adopters' decisions. The more systems that SSBS installation firms have installed, for example, the more they can build upon their personal experience to reduce costs. Potential adopters can also reduce their search costs, as more and more demonstration systems and experienced suppliers of both SSBS and wood pellets become available in their region, leading to local capacity formation, positive network externalities, etc.
The role of information. It has been repeatedly emphasised in the literature that nontechnical aspects related to wood-based heating systems are at least as important as the technical aspects for their market penetration (e.g., Rösch and Kaltschmitt, 1999 ). An important nontechnical barrier is the lack of information, not only among the potential adopters of SSBS, but also among wholesale and retail sellers of heating systems and fuels, politicians, engineers, architects, planners, installers, etc., who may tend to recommend traditional energy systems. This may be because they are more familiar with them, or can make higher profits, or that their customers are more familiar with them. Information is important for technology diffusion. Inadequate and, especially, conflicting information confuse and put off consumers, prevent technology harmonisation and effective market competition, increase the risk of error, and, in general, inflate costs (UMBERA, 2000). Moreover, negative reports, irrespective of whether they are justified or not, may have a lasting negative effect on technology adoption.
Technological lock-in and path dependence. Using a variety of bioenergy technologies may be beneficial, as it is difficult to predict the relative advantages and disadvantages that technologies under development will eventually offer (Arthur, 1988) . This would reduce the risk and consequences of lock-in to sub-optimal technology trajectories and path-dependence (e.g., Dosi et al., 1988; David, 1985) . Especially in Norway and Sweden, there is a lock-in situation that favours existing electric heating systems, which is due to the expansion of hydropower and in Sweden also nuclear power stations in the second half of the 20th century. The lack of residential heating systems based on water-borne internal heat distribution creates lock-in, as a change in technology requires substantial investments by homeowners (e.g., system switching costs to a hydronic system). Increasing electricity prices can alleviate the lock-in situation. Besides, policymakers and consumers are more and more aware of the thermodynamic inefficiency of electric resistance heating. Another, weaker lock-in situation exists in buildings constructed without a chimney, as the transition to a decentralised combustion-based heating system requires a chimney, leading to additional investment costs. One way to avoid or escape lock-in situations is to maintain a certain degree of technological flexibility and diversity (David, 1985; Dosi et al., 1988; Faucheux and Nicolaï, 1998; Taillant, 2002) . In this respect the establishment and nurturing of niche markets that complement the market for existing heating systems, e.g. based on water-borne internal heating distribution, could increase diversity without decreasing flexibility. More generally, the systematic exploitation of market niches has been identified as a promising lock-out strategy, also in the context of international technology diffusion and technological catching up by developing countries, respectively (e.g., Lundvall, 1988; Perez and Soete, 1988; Unger, 1988) .
Convenience is another important aspect influencing the diffusion of pellet heating systems. For example, rural inhabitants with old-fashioned coal-or logwood-fired heating systems may be quite willing to change to an automatic wood-pellet-based heating system. However, in urban areas, modern lifestyles and the level of convenience hitherto enjoyed with an oil-or natural-gas-based, electric heating or district heating system, render pellet heating systems less attractive to many consumers. An example are double-earner families, who may consider ash removal even at only weekly intervals too much trouble (UMBERA, 2000) . Spread of dust during pellets delivery has sometimes been a problem, especially in cases where the storage facility was poorly designed and/or the pellets were pumped into the storage room at too high pressures or flow rates, causing high abrasion of the pellets. This kind of problem can now largely be avoided, helping to ensure the high level of convenience in principle achievable with modern pellet heating systems.
Heating traditions and cultural aspects, which manifest themselves in a certain degree of habit persistence, also exert a significant influence on the choice of heating system. Apart from social motivation, habit persistence may also be motivated individually, as people tend to get used to a certain heating system, including fuel supply, servicing, maintenance etc., and see little reason to change their heating system and accustomed habits.
Prestige and image. The installation of a pellet heating system may be regarded as fashionable, or as an element of an integrated (e.g. ecologically sensitive) lifestyle concept, or both. Market diffusion of low-energy buildings tends to foster the installation of modern biomass heating systems, as they are well suited to the overall ecologically oriented concept. This also holds true for several other renewable energy-based technologies, such as solar thermal and heat pumps, creating a certain level of technological competition also between renewable energy technologies.
In Austria several surveys have been undertaken during the 1990s to investigate attitudes towards different heating systems in general, and wood-based heating systems in particular. For example, Fessel-GfK (1998) found that 17% of the respondents to the survey did not use wood as a primary heating source and that the majority of these (64%) said that they would not switch to a wood heating system. This percentage was significantly higher where there was no pronounced wood heating tradition, such as in the capital city of Vienna (79%). Forty percent of the respondents stated that they considered investment cost neutrality in relation to oil-or natural-gas-based systems important, 35% fuel cost neutrality, and 20% demanded that pollutant emission should not exceed that of systems based on natural gas. Finally, a significant number of respondents did not believe it to be possible to replace the installed heating technology because of lock-in to existing systems and because biomass systems and biomass fuels were considered to be too costly (11% and 14%, respectively). The two main reasons given for not using wood-based heating systems were convenience and space restrictions for fuel storage. The high rejection rate amongst women and the elderly (over 60) may be attributed to the systems being perceived as labour-intensive, and among the low-income groups to the systems being perceived as expensive (Madlener and Gustavsson, 2002) .
During 1997 and 1998, a survey of residential pellet users covering various aspects of pellet heating systems was carried out in Sweden, Austria, and northeastern parts of the USA (Vinterbäck, 2000) . An index of customer satisfaction was calculated from answers to 15 questions about the suitability/performance of pellet heating systems compared with conventional ones. Answers were scored such that ten, five, and zero points were given for highly affirmative answers, partially affirmative answers, and non-affirmative answers, respectively. The sample size was 481 in Sweden, 500 in Austria, and 1,000 in the ten states of northeastern USA. The response rate was 79%, 41%, and 61% for Sweden, Austria, and northeastern USA, respectively. The results indicated that pellet users in all three countries were satisfied with their heating systems. More users in Sweden than their Austrian and US counterparts considered pellets to be a less expensive heating alternative. In contrast to users in the northeastern part of the USA (where 75% of the respondents were users of pellet stoves), however, Swedish and Austrian pellet users felt that such systems were not very space demanding. The majority of users in all three countries agreed that heating is more convenient after changing to pellets, and Austrian respondents were most positive. A minority of the users in each country said that maintaining the system was time-consuming. Swedish and Austrian pellet heating users were convinced that they could help mitigate global warming by using a bioenergy-based system.
At a more general level, a survey conducted by the European Commission shows that renewable energy use has high priority among European citizens (European Commission, 2002a) . Seventy-five percent of the respondents believed that fossil fuels contribute significantly to global warming and climate change, and 69% supported the undertaking of more renewable-energy-related research. Forty percent of those who answered believed that renewable energy sources would be the least expensive energy resource by 2050.
Institutional and regulatory framework conditions
In order to successfully implement systems based on new energy technology systems, market actors must expect to gain some net benefit from adopting the technology. Apart from the economic viability of an investment, the overall/national institutional framework conditions are also important (e.g., Madlener and Jochem, 2002) . Uncertainties regarding regulation and the cost of searching for available products, suppliers, and prices must be reasonable.
Dedicated and economic-incentive-based policies are needed for market development to internalise the external costs (e.g., by means of a Pigouvian tax) or to account for avoided external costs (e.g., by means of subsidies). The external costs are also important for the overall energy efficiency of energy systems, as their inclusion will increase energy supply costs. Hence, the cost of energy efficiency measures will be balanced against too low supply costs if external costs are not considered. This will reduce the overall energy efficiency of energy systems. At the same time, research and development (R&D) support as well as information dissemination will facilitate the further technological development of bioenergy systems. Support through various policies must be continued over a sufficiently long period in order to build up confidence in the market among the investors in bioenergy technology. Therefore, in conceiving and implementing promotional policies policymakers need reliable information regarding the benefits of certain technologies to society.
Technological development and spillover effects benefit international cooperation in R&D and encourage a uniform policy of economic and financial incentives that discourages unlawful market activities (Korsfeldt, 2002) . The European Commission pointed out that member countries have not been supportive of a proposal suggesting that the development of new and renewable energy sources ought to be financed by conventional energy sources. It also highlighted that current efforts to promote energy from renewable sources are not sufficient and, if current trends persist, only 9% of the total European energy use would be based on renewable resources by 2030 (European Commission, 2002b) . Nonetheless, member countries have adopted various strategies to support bioenergy projects. A useful compilation of renewable energy policies in the EU and member countries can be found in the EUBIONET 'Biomass Survey in Europe' report (Alakangas and Vesterinen, 2003b) . In the following, we will describe the situation in selected European countries regarding the institutional and regulatory framework relevant for bioenergy use.
In Sweden, support for bioenergy has quite a long tradition, in the first place to reduce demand for imported energy resources and in the second place to reduce harmful environmental effects. Hillring has summarised the many different facets of Swedish energy policy that has supported the bioenergy sector (Hillring, 1998) . Administrative policy instruments such as the Building Act (1960-87) and the Wood Fibre Act regulated the use of natural resources. The Solid Fuel Act stipulated that every owner of a newly built heating plant must have a boiler capable of burning solid fuel (e.g. coal, peat, or wood fuel). From the early 1980s to the late 1990s financial support for information and demonstration has been granted by industrial energy savings, investment support, the Oil Replacement Fund, and the Energy Technology Fund. Financial support for bioenergy R&D during 1975-93 was 5.5% of total governmental R&D investment at that time. Presently, apart from R&D support, economic policy instruments -i.e. taxes on emissions, fossil fuels, energy consumption, and VAT -are in force. Small-scale pellet heating systems are costcompetitive due to the taxation of fossil fuels for heat production .
In Austria significant growth in the use of biomass for heating purposes has occurred, due to investment subsidies granted to private individuals (for SSBS typically 20-30%, depending on the province), but also to companies, cooperatives, and significant R&D and demonstration efforts. Personal tax incentives for purchasing biomass or solar technologies were introduced in 2001 (Housing Creation and Refurbishment Law; see also IEA, 2004) . This support was adjusted in 2003 under the Dwelling Improvement and Housing Promotion Subsidy Programme, considered one of the most important schemes to promote RES use in the residential sector. New heating systems introduced in the Austrian market are subject to a licensing procedure undertaken by authorised testing institutions that publish the test results. This practice has led to a very competitive market environment for high-quality boilers, resulting in considerable progress in combustion and control technology. Besides, in the early 1990s, the governments of the four provinces -Lower Austria, Salzburg, Styria, and Upper Austria -jointly with the authorised testing institution, launched a 'Small-Scale Wood Heating Systems' competition. The competition challenged Austrian developers and manufacturers of SSBS to develop marketable biomass heating systems of less than 15 kW (IEA, 2004) .
The high level of environmental consciousness among the people in Austria is also important. Both the federal and the provincial governments are responsible for energy policy matters. Since January 2000, bioenergy is no longer taxed, except for VAT on biodiesel and bioethanol (IEA, 2004; Rathbauer, 2002) . Investment subsidies have been introduced in all nine provinces to facilitate the diffusion of modern wood-based residential heating systems (Madlener and Gustavsson, 2002) . Experience from the Austrian federal province of Upper Austria has shown that it is necessary to support both the supply side (pellets and boiler suppliers) and the demand side (houseowners) in order to successfully develop a market for pellets (Egger and Öhlinger, 2002) , i.e. to follow a combined supply-push/demand-pull strategy (Stoneman and Ireland, 1983; Loiter and Norberg-Bohm, 1999; Madlener and Jochem, 2002) . Institutional support to the suppliers and public awareness programmes together with investment subsidies led to high market penetration rates. Examples of public awareness programmes in Upper Austria are the operation of an energy hotline service handling some 9,000 calls every year, targeted conferences, exhibitions and trade fairs, training and education programmes for installers, study tours to successful biomass projects, etc. (Egger and Öhlinger, 2002) . Oil heating installations in newly erected single-family houses in this province decreased from 36% in 1998 to 8% in 2001, and biomass-fired heating systems accounted for 40% of all central heating installations in new residential buildings in 2001. Also, from 2000 to 2001, the number of wood pellet heating systems installed increased by more than 40% (Jonas and Haneder, 2004) .
In Denmark the expansion of the renewable energy market is linked to the decision of the government not to use nuclear power, which was followed by the adoption of the Biomass Action Plan Agreement in 1993 (Frandsen, 2002) . The overall policy emphasis is directed towards the generation of electricity from renewables although private investment in biomass-fired heating plants e.g., has also been supported. Besides, the use of district heating is very widespread. The expansion of the pellet market has been supported by installation grants for pellet boilers and taxes on fossil fuels. The installation subsidy, however, has recently been withdrawn (Bjerg, 2002) . Currently, there is a plan to implement a policy that will support producers of renewable electricity through subsidies for investments, guaranteed feed-in tariffs, and a mandatory market share of 20% (Frandsen, 2002) . Other measures include emission taxes, emission limits from boilers, and guidelines on using natural resources, while green certificates for electricity from renewables and/or greenhouse gas emission are under consideration (Alakangas and Vesterinen, 2003b) .
In Germany, environmental issues are considered to be the most important motives for an increased use of renewable energy sources, followed by agricultural and rural development (Lack, 2002) . Germany has committed itself under the Kyoto Protocol and within the EU bubble to reduce the average yearly emission of greenhouse gases in 2008/2012 by 21% compared with that in 1990. This commitment to reduce greenhouse gas emissions, in combination with the intention to phase out nuclear power in the coming years, has also led to a strong focus on bioenergy-based systems. Important legislations regarding bioenergy are the Renewable Energy Law for the electricity market and the Market Incentive Programme for the heating market (Lack, 2002) . Currently, about 95% of solid biomass is used for heating purposes, around half of which is used in the residential sector. Programmes for support of renewables use in the heating sector have been established in the early 1990s, and intensified in the late 1990s. Besides, most federal provinces and many municipalities have their own support schemes for renewable energy technologies (IEA, 2004) . Tax exemptions and subsidies are in force for bioenergy projects, while there is an excise tax on oil products. Furthermore, the government has supported the installation of SSBS since 1999 (UMBERA, 2000) .
In other parts of Europe, legislation regarding bioenergy is quite recent. For example, in Finland the Finnish Action Plan for Renewable Energy Sources was implemented in 1999 and revised in 2002, foreseeing a fourfold increase in direct forest fuel use from 2001 to 2010, and a bioenergy target share of 85% of the total renewable energy use (Alakangas and Vesterinen, 2003a) . In the UK recent bioenergy-related policies include the Bioenergy Capital Grants Scheme, the Community Renewable Initiative, the Bioenergy Infrastructure Scheme (Anon., 2002), and a two-year project entitled Introducing Wood Pellet Fuel to the UK (Cotton, 2002) . In France, the National Plan for Improved Energy Efficiency and the National Plan for Climate Change Fight were implemented in 2000. These include a tax on emissions, investment subsidies for bioenergy projects, and the introduction of a quality label for wood energy appliances, namely 'Flammeverte label' (Barel, 2002) .
A great variety of organisations related to bioenergy fuels and systems have been established in Europe -e.g. the Biomass Associations of Austria (ABA), Belgium (BELBIOM), Denmark (DANBIO), France (AFB), Greece (HELLABIOM), Ireland (IR-BEA), Italy (ITABIA), Norway (NOBIO), the Netherlands (NL-BEA), Slovakia (SK-BIOM), Slovenia (SLOBIOM), Spain (ADABE), Sweden (SVEBIO), UK (BRITISH BIOGEN) -all of which are members of AEBIOM, the European Association for Biomass. Other organisations include:
• Austrian Pellets Trade Organisation (PVA)
• Swedish Pellet Producers Association (PIR)
• Swedish Heating Boilers and Burners Association (SBBA)
• dk-TEKNIK in Denmark
E.N. (a German bioenergy network).
These organisations try to influence government policies and promote and disseminate information pertaining to bioenergy to relevant stakeholders.
The role of external costs and benefits of SSBS and alternative systems
For policymakers it is of great importance to know the relative costs and benefits of bioenergy technologies, both in relation to each other and to other heating systems, in order to design a suitable policy. Systems analysis that accounts for external costs and benefits can be a useful tool in this respect. It allows comparisons between different systems within the framework of well-defined system boundaries and provides some guidance with respect to the amount of costs and benefits to be internalised for more efficient market allocation.
Gustavsson and Karlsson recently studied the costs of heating detached houses with an annual final energy use of 20 MWh and a peak-load capacity of 8 kW. Both wood-based and fossil-fuel-based systems were considered. They analysed electricity-based heating systems employing heat pumps, boilers, and resistance heaters, as well as local fuel-based heating systems (Gustavsson and Karlsson, 2002) and district heating systems with CHP . Based on these studies, they estimated and added the external costs of carbon dioxide (CO 2 ), methane (CH 4 ), nitrogen oxide (NO x ), and sulphur oxide (SO x ) emissions to the direct costs of the energy systems studied , in order to assess their overall cost competitiveness (using a 6% discount rate). The external costs were based on the ExternE study commissioned by the European Commission (1998b; 1998c) . The large uncertainties inherent in the external cost estimates had a decisive impact on the results. Particularly in the low range of external costs, the fossil fuel systems were clearly the most competitive, while based on the higher level of external costs, the bioenergy systems were the most competitive. The key factor for the uncertainties was the assessment of the greenhouse gas emissions; the choice of the discount rate also affected the results considerably. In the ExternE study, discount rates of 1-5% were chosen. The cost of damage due to global warming was estimated with a 95% confidence interval, where the lower limit corresponds to a 5% discount rate and the upper limit to a 1% discount rate. The result is a damage cost range of €14-840/tonne C. Otherwise, the external costs were quite limited and no significant impact on the competitiveness of the different types of heating systems was found.
The results of the analyses also showed that biomass-fired cogeneration plants combined with district heating systems, and electric heat pumps based on renewable electricity, were typically less costly and more resource-efficient than small-scale wood pellet boilers Gustavsson and Karlsson, 2002; Gustavsson and Karlsson, 2003) . The advantages of district heating will usually be greater for larger end-users (such as multi-family houses or apartment blocks) due to the lower specific cost and lower specific energy losses in heat distribution. However, heat pumps require a suitable heat source, and district heating systems require a geographical distribution of urban areas, which results in a heat demand per unit area suitable for district heating. So despite the result that the use of wood fuels in such heating systems would be more cost-and resource-efficient in reducing greenhouse gas emissions than the use of wood pellets in small-scale boiler systems, the use of the latter may be the preferred option for other reasons.
Replacing fossil fuels by biomass in the electricity and heat sectors appears to be more cost-efficient and provides greater CO 2 mitigation per unit biomass used than replacing fossil fuels in the transportation sector (Gustavsson et al., 1995) . Hence, given that biomass resources are limited, it appears to be more beneficial to use biomass in stationary plants rather than using biomass in the transportation sector.
Moreover, the development of suitable decarbonisation technology may lead to a cost-effective reduction in CO 2 in large-scale power plants, which ceteris paribus makes small-scale systems less attractive (Gustavsson and Madlener, 2003) . In any case, the use of different policy measures in different countries will also influence the relative advantages of small-scale pellet boiler systems in different countries.
Uncertainty about the discount rate that should be applied and the external costs caused by greenhouse gas emissions also make it very difficult to optimise mitigation measures from an economic perspective and, thus, to optimally design an energy system for greenhouse gas mitigation. Gustavsson and Karlsson (unpublished) also suggested that a range of possibilities may have to be analysed to identify suitable strategies for replacing fossil energy systems with ones based on biomass, as such analyses are complicated and the results depend greatly on the methods and assumptions employed.
The increased use of bioenergy can also bring with it direct external benefits, such as job and income creation in rural and/or remote areas. The actual impact is often difficult to estimate, requiring extensive modelling, and much more research is certainly needed in this area.
Market development and potential, global implications and technology diffusion modelling
Technology diffusion modelling is a useful approach to study:
• overall market potential of a particular technology
• diffusion dynamics and impact of influencing variables.
In many cases, however, the scope of such studies and applicability of sophisticated model formulations may be severely limited by a lack of data, especially in infant markets where commercial data are often confidential and public data are not yet being systematically collected in sufficient amounts due to a lack of relevance so far. In this section, we will survey major SSBS market developments in selected European countries based on existing market surveys. This will be followed by a short discussion of factors influencing the market potential. A short overview on different modelling approaches available in the literature that may be useful in modelling SSBS diffusion concludes this section.
Market development
Small-scale pellet heating systems have been adopted to limited degrees in different parts of Europe, particularly in Sweden and Austria. In Germany, and a few other countries, market diffusion has picked up in recent years. However, despite information campaigns and other measures there still seems to be a lack of information on pellet heating systems, because of a nascent and, in many ways, still imperfect market, the nondisclosure of information by business entities, and other reasons. Table 1 summarises the recent developments in selected countries with respect to the number of pellet-fired heating systems sold/installed. Information on pellet production volumes seems to be more readily available than information on pellet heating systems sold/installed. From Table 2 it can be seen that growth rates in pellet production have been impressive in a number of European countries. It should be noted, however, that pellets are also used in large-scale energy conversion plants, in some countries with increasing intensity in recent years, so that these figures should be interpreted with great care when studying the perspectives of SSBS only. (Lehtinen, 2003; Bjerg, 2002; Alakangas and Paju, 2002) The heating market in Europe accounts for 50% of the total energy market, and private households typically constitute the most important aggregate in energy use. With increased availability of targeted information and growing interest and awareness among consumers, coupled with still abundant resources for wood pellet production, there are good prospects for a significant further increase in the use of small-scale wood pellet heating systems also in the future (Alakangas and Vesterinen, 2003b) .
Market potential
A large number of barriers and drivers can influence the market dynamics and the market saturation level of technologies (Rogers, 1995) . In the field of bioenergy technology, these have so far largely been discussed in descriptive analyses only (e.g., Rösch and Kaltschmitt, 1999; Rakos and Roos, 2000) . Generally speaking, in formally specified market diffusion models market saturation levels may either be determined exogenously, e.g. by means of expert estimates, or endogenously. The latter can be problematic, especially if data are unavailable past the inflection point of the typically S-shaped diffusion curve. If historical diffusion paths of comparable product or process technology exist, these have sometimes been used as a proxy for the possible market saturation of an innovative product or process technology. In contrast to theoretical and empirical studies that estimate the long-term technical potential of bioenergy systems, focus on long-term market potential is still rare (e.g., Madlener and Gustavsson, 2002) . Estimates of saturation levels based on market shares are sometimes easier to justify than absolute figures, as only the position relative to competing technologies has to be assessed and not the actual market size. Based on actual market penetration rates since 1997, Madlener and Gustavsson (2002) have studied the diffusion of small-scale pellet-fired heating systems in the nine Austrian provinces using a standard Bass model formulation (Bass, 1969 ) (see also Section 4.4) . In their preliminary investigation, they found strongly differing diffusion dynamics among the provinces and concluded that the diffusion trajectories depended greatly on the expected (and highly uncertain) long-term market shares of the systems. In Austria, the diffusion of 345,000 pellet heating systems by 2020 seems within reach, based on nonlinear trend extrapolation and an exogenously imposed long-term (2030) market share for pellet-fired residential heating systems of 35% that was considered plausible. For obvious reasons, assumptions made about the very uncertain market ceiling value are crucial for the results from such a modelling exercise.
Global implications
It is well known that efficient use of biomass-based energy systems, where sustainably produced biomass replaces fossil fuel, is one of the important options for greenhouse gas emission reduction (e.g., IPCC, 2001) . In Europe, North America, and parts of Asia (e.g. Japan) fossil fuels are used extensively for heating purposes -either directly in local boilers and district heating plants, or indirectly for the central production of electricity that in turn is used for heating. There is great scope to replace such a use of fossil fuels by biomass. One global implication of SSBS, therefore, is the greenhouse gas mitigation potential.
Refined biofuels such as pellets, due to their densification, are more energy-efficient than firewood. In developing countries where inefficient use of firewood is the dominant source of cooking, the use of wood pellets in efficient stoves can be a better alternative. Such aspects are important for sustainable development of developing countries. Hence another major global implication of SSBS is the efficient use of biomass resources for sustainable development.
In many countries, sawdust and forest residues are treated as waste. By using these resources for energy either domestically (with a potential to reduce import dependence from fossil fuels), or for export (which improves the balance of trade and helps to earn foreign currency), wastes can be turned into valuable resources and additional jobs created.
Pellets are also easy to handle and transport over long distances. International trade of wood pellets involving long distance transport is growing rapidly. There is increased pellet export from North America, Finland (Epp, 2004) , and Baltic countries. Russia has also started exporting pellets (Ponamarev, 2004) . Recently a South African company shipped 5,000 tonnes of pellets to Holland (Ljungblom, 2004) . Sweden, Austria, Denmark, and Germany have long been involved in pellet trade. International trade of pellets and SSBS helps in developing the market and to alleviate price fluctuations and local supply shortages, and thus also has global consequences.
Technology diffusion models
The process of technological change is usually described as a three-step process consisting of invention, innovation and diffusion (Schumpeter, 1934; Silverberg et al., 1988) . In contrast to invention and innovation, diffusion has so far received the least attention in the literature on technological change, although it is crucial for the actual impact of a technology. Diffusion models give a better understanding of technology diffusion dynamics and the expected short-and long-term market potentials, including the importance of factors that can be anticipated to influence the decision of potential users to adopt this technology.
A number of models have been presented in the diffusion literature, which describe technology diffusion processes, each of which has its merits and limitations. In many cases, a lack of data severely restricts the range of models that can be applied. Here, we will briefly describe four main types of technology diffusion models that have been used in economic studies (for further details see Metcalfe, 1988; Robalino, 2000; Mahajan et al., 2000; Sarkar, 1998; Stoneman, 2002, among others) .
Epidemic diffusion models start from the assumption that technologies spread like an infectious disease among a population. Potential adopters get in contact with earlier adopters who spread the information about a technology, which then leads to further adoptions. The larger the number of adopters, the more likely it is that a potential adopter meets an earlier adopter, learns about the technology and its characteristics, and becomes an adopter himself or herself. Over time, the stock of non-adopters will decrease, slowing down the diffusion process and leading to an S-shaped (sigmoid) cumulative technology diffusion curve. Usually, these models employ differential equations, relating either the number of adopters of a product or process or the market share to time, and have been used extensively in the marketing and management science literature (Mahajan et al., 2000) . Typical specifications of epidemic models are those originally introduced by Mansfield, Bass, Fisher-Pry, Fourt and Woodlock, and modifications of these. In some of the variations, it has been tried to introduce a limited degree of heterogeneity among the populations involved, or to include additional explanatory variables, such as price variables, advertising expenses, etc.
Equilibrium diffusion models treat the diffusion process as a sequence of equilibria determined by changes in the environment and the technology's characteristics Stoneman, 2002) . In this family of models, heterogeneity of actors, agents' technological expectations, and the interaction between technology suppliers and adopters, play a major role. The models typically assume perfect information on the side of the adopters, or in the case of uncertainty perfect information on the probability distributions of the random variables concerned, and assume technological equilibria. The models are rather weak in explaining the dynamics of the adjustment process between different equilibria. Usually one or two types of representative firms or consumers are assumed.
Evolutionary diffusion models (Nelson and Winter, 1982) incorporate features important in equilibrium modelling, such as imperfect information and heterogeneity among actors, but base the dynamic analysis within a disequilibrium framework. Within this framework, adopters do not base their adoption decisions on an inter-temporal maximisation problem, but rather employ a limited set of rules that is updated by trial and error. Firms that adopt successful innovations gain comparative advantages, while others that do not will sooner or later perish. Such models are often termed as agent-based models and come at a high price in terms of specification effort, data requirements, and mathematical tractability, as the detailed modelling of rules and actions requires an abstract framework, involving, for example, binary sequences of ones and zeroes to represent products, and result in highly complex dynamics often with low degrees of intuition.
Social interaction diffusion models, finally, are also based on multi-agent modelling and constitute a relatively recent development. They synthesise features of the epidemic, equilibrium, and evolutionary models and have their roots in graph theory, statistical mechanics, and evolutionary game theory (e.g., Young, 1999; Joannides, 1997; Kirman, 1997) . The mathematical structure is richer and the functional forms used often closely match multinomial choice models in econometrics, which makes them better suited for empirical estimation. Imperfect information and bounded rationality are important ingredients of such models, as is the fact that heterogeneity is allowed along different dimensions, regarding, for example, the information set available to actors, cost and benefit expectations, and the expectations-generating process.
All four diffusion model families described above have the potential to yield valuable new insight into the penetration of SSBS. In contrast with theoretical and simulation studies, however, empirical modelling relies on data availability. Given that SSBS have only in recent years started to penetrate the market in substantial numbers, data are often only available for the last couple of years, and for reasons of business secrecy rarely at the level of detail required by analysts. Epidemic diffusion models tend to be least demanding in data requirements, as they work on the aggregate level, but consequently are much better suited for market forecasting than for explaining the influence of the behaviour of individual adopters on the technology diffusion path. In contrast, the other three types of models are all agent-based and usually require some degree of heterogeneity among actors, which results in a need for micro-data.
Conclusion
In this paper we have studied current and expected future framework conditions for SSBS in terms of recent technological, socioeconomic, and institutional trends. We have also addressed the relative cost-competitiveness of such bioenergy-based systems compared with competing systems. Finally, we have discussed some recent market developments regarding SSBS in selected countries, and tackled the treatment in models and the determinants of the long-term market potential of SSBS.
We conclude that SSBS systems can make a substantial contribution to heat and electricity requirements and to more sustainable energy development, provided the framework conditions level the playing field, enabling adoption and diffusion to actually take place on a significant scale. Suitable policies, also guided by external cost and benefit calculations, are an important ingredient in providing appropriate incentives for adopters and suppliers of both SSBS technology and wood pellets. SSBS are a good example to show how a renewable energy conversion technology and the related pelletised wood fuel, if properly managed, can gain importance from a niche market to a worldwide business that helps in the transition of the global economy towards a more sustainable development.
Suitable diffusion models can help us better understand the dynamics and market potential of small-scale biomass systems and, provided sufficient data are available, empirical model testing can further enhance the usefulness of such modelling. At present, there seems to be a wide scope for future research on the determinants of the diffusion process in this area. However, as in other new markets, data limitation will only be ameliorated over time, and modellers, as in other research fields, will have to deal with trade-offs between tractability of the models, intuition behind the dynamics found, and the cost of designing and implementing models.
